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tion was investigated using weight loss measurements, electrochemical polarization and EIS meth-
ods. Results obtained reveal that Argan oil acts as a mixed inhibitor without modifying the
hydrogen reduction mechanism. The inhibition efﬁciency increases with increased Argan oil concen-
tration to attain a maximum value of 81% at 3 g/L. The inhibition efﬁciency of Argan oil decreases
with the rise of temperature. Argan oil is adsorbed on the steel surface according to Langmuir iso-
therm model. The parameters (Ea, DH

a, DG
 and DSa) were estimated and discussed. The funda-
mental thermodynamic functions were used to glean important information about Argan oil’s
inhibitory behavior.
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ND license.1. Introduction
Steel is widely used inmost industries because of its low cost and
availability for the manufacture of reaction vessels such as cool-
ing tower reservoirs, pipelines, etc. (Ramesh et al., 2003). Acid
solutions are generally used for the removal of undesirable scale
and rust in several industrial processes. Hydrochloric and sulfu-
ric acids are widely used in the pickling processes of metals
(Chauhan and Gunasekaran, 2007). Corrosion affects most of
the industrial sector and may cost billions of dollars each year
for preventing, replacement and maintenance (Roberge, 2008).
The electrochemical corrosion is generally caused by dis-
symmetry potentials between metal and strong acid. The
aggressiveness of hydrogen ion is inevitable in uninhibited acid.
H+ and dissolved O2 are named natural motors of corrosion
20 L. Aﬁa et al.(Amin et al., 2007). The use of inhibitors is one of the most
effective ways to prevent corrosion. Corrosion inhibitors will
reduce the rate of either anodic oxidation or cathodic reduction
or both. This will give us anodic, cathodic or mixed type of
inhibition.
Organic adsorption compounds are effective as corrosion
inhibitors for corrosion of different metals in acidic medium be-
cause of the functional group containing hetero-atoms such as
nitrogen, sulfur and oxygen (Ivanov, 1986; Ammar and El
Khoraﬁ, 1973; Abed et al., 2002, 2004; Putilova et al., 1960).
However, there is increasing concern about the toxicity of most
corrosion inhibitors. The toxic effect does not only affect living
organisms but also poisons the environment (Eddy and Ebenso,
2008). Owing to increasing ecological awareness and strict envi-
ronmental regulations and the need to develop environmentally
friendly processes, attention is now focused on the development
of substitute nontoxic alternatives to inorganic inhibitors ap-
plied earlier. Among the various natural products, such as the
lawsonia extract (El-Etre et al., 2005), black pepper (Bothi and
Sethuraman, 2008) Phyllanthus amarus extract (Okafor et al.,
2008), fenugreek extracts (Noor, 2008), Hibiscus sabdariffa ex-
tract (Oguzie, 2008), Azadiracta indica (Oguzie, 2008), Garcinia
kola extract (Oguzie et al., 2006). The anticorrosion effect of
black pepper and its derivative piperine (Dahmani et al., 2010),
cedre oil (Bouyanzer et al., 2007), jojoba oil (Chetouani et al.,
2004), artemisia oil (Benabdellah et al., 2006), pennyroyal oil
from Mentha pulegium (Bouyanzer et al., 2006a), eucalyptus
oil (Bouyanzer et al., 2006b) and thymus oil (Bammou et al.,
2010) have been reported from our laboratories. All of these
have been reported to be good inhibitors for metals and alloys
in acidic solutions. The encouraging results obtained by natural
oils as corrosion inhibitor of steel in acid solutions permit to test
more substance oils. There is no report to our knowledge on the
effect of the addition of Argan oil (AO) on the corrosion of C38
steel alloy in hydrochloride solution.
The Argan tree, called Argania spinosa (L.) Skeels, is a trop-
ical plant, which belongs to the Sapotaceae family. Moroccans
traditionally use the fruits of Argania Spinosa to prepare edible
oil (Khallouki et al., 2005). It represents the only endemic spe-
cies of the genus Argania. As an important traditional alimen-
tary medicine, A. Spinosa is a valuable potential for
Moroccan. Traditionally, the Argan tree is used for many pur-
poses. In cosmetics, Argan oil is advocated as moisturizing oil,
against acne juvenile and ﬂaking of the skin as well as for nour-
ishment of the hair, thanks to its high content of vitamin E
(Henry et al., 2004).
The aim of this paper is to study the inhibiting action of Ar-
gan oil compound. The electrochemical behavior of C38 steel
in HCl media in the absence and presence of Argan oil has
been studied by gravimetric method and electrochemical tech-
niques such as potentiodynamic polarization, linear polariza-
tion and impedance spectroscopy (EIS). The effect of
temperature is also studied.2. Materials and methods
2.1. Argan oil solution
Argan oil comes from the kernels of the argan, Sample of
Argan oil was collected from cooperative size in the area of
Biougra located at Chtouka Ait Baha (Morocco).2.2. Fatty acid methyl esters composition
The analyses performed for the purpose of this study were car-
ried out in the laboratory of the Autonomous Establishment of
Control and Coordination of Export which applies to the ofﬁ-
cial methods of analysis for the determination of fatty acid
methyl esters (FAME) in oil (OJECCR, 1991; Bligh and Dyer,
1959; DGF, 2008).
The fatty acid methyl esters were analyzed with an Agilent
Technologies 6890N gas chromatograph equipped with a cap-
illary column (30 m · 0.32 mm; Supelco, Bellefonte, PA, USA)
and ﬂame ionization detection. The column was programmed
to increase from 135 to 160 C at 2 C/min and from 160 to
205 C at 1.5 C/min; the detection temperature was main-
tained at 220 C, injector temperature 220 C. The vector gas
was helium at a pressure of 5520 Pa. Peaks were identiﬁed
by comparing retention times with those of standard fatty acid
methyl esters.
2.3. Sterols composition
Sterol was determined by the method DGF (DGF, 2008). Ste-
rol composition was evaluated by GLC-FID/capillary column.
Brieﬂy, sterols puriﬁed from the unsaponiﬁable matters by
HPLC were transformed into their trimethylsilyl ethers coun-
terparts using pyridine, hexamethyldisilazane, and trimethyl-
chlorosilane 9:3:1 (v/v/v). The sterol proﬁle was analyzed
using a gas-phase chromatograph ﬁtted with a chroma pack
CP SIL 8 C B column (30 m · 0.32 mm i.d.) and a ﬂame ioni-
sation detector. The temperature of the injector and detector
were both 300 C. The column temperature was 200 C and
programmed to increase at the rate of 10 C/min to 270 C.
The carrier gas was dry oxygen-free nitrogen, and the internal
pressure was 8.6 bars. Sterol quantiﬁcation was achieved by
use of an internal 0.2% chloroform solution of a-cholestanol.
2.4. Tocopherols composition
For the determination of tocopherols compounds a solution of
250 mg oil in 25 mL n-heptane was used for HPLC analysis.
The analysis was conducted using a Agilent low pressure gra-
dient system, ﬁtted with a 1100 pump, Agilent 1100 Fluores-
cence Spectrophotometer (detector wavelengths for excitation
290 nm, for emission 330 nm). The sample (20 lL) was injected
by a Agilent LC-1100 autosampler onto a phase HPLC col-
umn 25 cm · 4 mm ID (Merck, Darmstadt, Germany) used
with a ﬂow rate of 1 mL/min and hexane/tetrahydrofuran
(98:2, v/v) as mobile phase (Balz et al., 1992).
2.5. Electrochemical tests
The electrochemical study was carried out using a potentiostat
PGZ100 piloted by Voltamaster software. This potentiostat is
connected to a cell with three electrode thermostats with dou-
ble wall (Tacussel Standard CEC/TH). A saturated calomel
electrode (SCE) and platinum electrode were used as reference
and auxiliary electrodes, respectively. The working electrode is
in the form of a disc from mild steel of the surface 1 cm2. Ano-
dic and cathodic potentiodynamic polarization curves were
plotted separately at a polarization scan rate of 0.5 mV/s. Be-
fore all experiments, the potential was stabilized at free poten-
tial during 30 min.
Anti-corrosive properties of Argan oil on C38 steel in molar HCl solution 21The electrochemical impedance spectroscopy (EIS) mea-
surements are carried out with the electrochemical system
(Tacussel), which included a digital potentiostat model Volta-
lab PGZ100 computer at Ecorr after immersion in solution
without bubbling. After the determination of steady-state cur-
rent at a corrosion potential, sine wave voltage (10 mV) peak
to peak, at frequencies between 100 kHz and 10 mHz are
superimposed on the rest potential. Computer programs auto-
matically controlled the measurements performed at rest
potentials after 0.5 h of exposure. The impedance diagrams
are given in the Nyquist representation.
The solution 1 M HCl was prepared by dilution of analyt-
ical grade 37% HCl with double distilled water. The solution
tests are freshly prepared before each experiment by adding
the oil directly to the corrosive solution. The test solution
was freshly prepared before each experiment by adding the
oil directly to the corrosive solution. The test solution is there
after de-aerated by bubbling nitrogen. Gas pebbling is main-
tained prior and through the experiments. Experiments were
carried out in triplicate to ensure the reproducibility.
2.6. Preparation of the electrode
C38 steel specimens having nominal composition of 0.179% C,
0.165% Si, 0.439% Mn, 0.203% Cu, 0.034% S and Fe balance
were used. For electrochemical tests, the commercial C38 steel
samples are in the form of a surface disc of 1 cm2 used as a
working electrode that is rinsed with distilled water then with
ethanol before plunging the electrode in the solution. Coupons
were cut into 2 · 2 · 0.08 cm3 dimensions used for weight loss
measurements. The exposed area was mechanically abraded
with 180, 320, 800 and 1000 grades of emery papers. The sheets
are then immersed in 60 mL of the corrosive medium at differ-
ent temperatures from 298 K to 328 K after various immersion
periods in air without bubbling in a double walled glass cell
equipped with a thermostat-cooling condenser. Each value is
the mean of triplicate experiences.
3. Results and discussion
3.1. Argan oil analysis
The analysis of Argan oil allowed the identiﬁcation of 24 com-
ponents which accounted for fatty acid methyl esters (100%),
sterols (93%) and tocopherols (96.6%). Their relative percent-
ages are reported in Table 1. The main constituents were Pal-
mitic acid (13.6%), Oleic acid (45.1%), Linoleic acid (34.5%),Table 1 Chemical composition of Argan oil.
Fatty acid methyl esters % Sterols
Myristic acid (C14:0) 0.1 Schottenol
Pentadecanoic acid (C15:0) 0.1 Spinasterol
Palmitic acid (C16:0) 13.6 Delta-7-avenaster
Palmitoleic acid (C16:1) 0.1 Stigmasta-8,22-di
Heptadecanoic acid (C17:0) 0.1 Campesterol
Stearic acid (C18:0) 5.6 Cholesterol
Oleic acid (C18:1) 45.1
Linoleic acid (C18:2) 34.5
Linolenic acid (C18:3) 0.3
Arachidic acid (C20:0) 0.2
Gadoleic acid (C20:1) 0.3Schottenol (46%); Spinasterol (37%) and c-tocopherol
(85.1%).
3.2. Effect of concentration
3.2.1. Polarization curves
The cathodic and anodic polarization curves of C38 steel in
1 M HCl in the absence and presence of Argan oil (AO) at dif-
ferent concentrations at 298 K are presented in Figs. 1 and 2,
respectively. Values of the associated electrochemical parame-
ters are given in Table 2.
In this case, the inhibition efﬁciency is deﬁned as follows:
E% ¼ 1 I
0
corr
Icorr
 
 100 ð1Þ
where Icorr and I
0
corr are, respectively, the uninhibited and
inhibited corrosion current densities determined by extrapola-
tion of the Tafel lines to corrosion potential (Ecorr).
We remark that the cathodic current–potential curves give
rise to parallel Tafel lines, which indicate that hydrogen evolu-
tion reaction is activation controlled and that the addition of
the AO does not modify the mechanism of this process
(Fig. 1) (Kertit and Hammouti, 1996). As it is shown in
Table 2, the Icorr decreased with the rise of inhibitor concentra-
tions without change in the mechanism of the hydrogen reac-
tion. E% increased with inhibitor concentration, reaching
81% at 3 g/L Argan oil. Also the presence of inhibitor does
not change the corrosion potential. Further inspection of Figs.
1 and 2 reveals that the presence of the inhibitor affects the
anodic dissolution of steel as well as the cathodic reduction
of hydrogen ions. Therefore, it could be concluded that Argan
oil adsorbs onto both anodic and cathodic sites of the steel sur-
face. This behavior indicates that the AO acts as a mixed
inhibitor.
3.2.2. Electrochemical impedance spectroscopy measurements
The corrosion behavior of steel, in acidic solution in the ab-
sence and presence of Argan oil, was also investigated by
EIS method at 298 K after 30 min of immersion (Fig. 3).
The inhibition efﬁciency can be calculated by the following
formula:
ERt% ¼ ðRt  R
0
t Þ
Rt
 100 ð2Þ
Here Rt and R
0
t are the charge transfer resistances in inhibited
and uninhibited solutions, respectively.
The values of the polarization resistance were calculated by
subtracting the high frequency intersection from the low fre-% Tocopherols %
46 a-Tocopherol 3.5
37 b-Tocopherol 0.2
ols 5.2 c-Tocopherol 85.1
en-3-ol 4.2 Delta-tocopherol 7.8
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Figure 1 Cathodic potentiokinetic polarization curves of C38
steel in 1 M HCl in the presence of different concentrations of
Argan oil.
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Figure 2 Anodic potentiokinetic polarization curves of steel in
1 M HCl in the presence of different concentrations of Argan oil.
22 L. Aﬁa et al.quency intersection (Elachouri et al., 2001). Double layer
capacitance values were obtained at maximum frequency
(fm), at which the imaginary component of the Nyquist plot
is maximum, and calculated using the following equation.Table 2 Electrochemical parameters of steel at various concentr
efﬁciency.
Argan oil (g/L) Ecorr (mV/SCE) Icorr (lA/cm
2)
Blank 483 763
0.5 484 497
1 490 344
2 498 285
3 501 145
4 498 129
5 515 111Cdl ¼ 1
2pfmRt
ð3Þ
with Cdl Double layer capacitance (lF cm
2); fm: maximum
frequency (Hz) and Rt: charge transfer resistance (X cm
2).
The impedance parameters derived from these investiga-
tions are listed in Table 3.
From Fig. 3, the obtained impedance diagrams (almost a
semi-circular appearance), indicates that a charge transfer pro-
cess mainly controls the corrosion of steel (Rosliza et al.,
2008). The general shape of the curves is very similar for all
samples; the shape is maintained throughout the whole con-
centration, indicating that almost no change in the corrosion
mechanism occurred due to the inhibitor addition (Oguzie
and Onuchukwu, 2007). The Rt values increased with the in-
crease of the concentration of Argan oil. Values of double
layer capacitance are also brought down to the maximum ex-
tent in the presence of inhibitor and the decrease in the values
of Cdl follows the order similar to that obtained for Icorr in this
study. The results obtained from the polarization technique in
acidic solution were in good agreement with those obtained
from the electrochemical impedance spectroscopy (EIS) with
a small variation of 5%.
3.3. Effect of temperature
3.3.1. Electrochemical polarization
The composition of the medium and its temperature are essen-
tial parameters affecting the phenomenon of the corrosion.
Electrochemical steady state measurements are taken at vari-
ous temperatures. The effect of temperature in the range
298–328 K on the electrochemical parameters of steel are in
the absence and presence of Argan oil at a concentration of
(3 g/L) shown in Table 4.
We remark on the rapid increase of Icorr with temperature
in the absence of Argan oil. Also, the inhibition efﬁciency de-
creases with increasing temperature indicating that at higher
temperatures, dissolution of steel predominates on inhibitor
adsorption. E% is still signiﬁcant even at high temperature
(62% at 328 K).
3.3.2. Weight loss, corrosion rates and inhibition efﬁciency
The effect of the addition of inhibitor tested at 3 g/L on the
corrosion of steel in 1 M HCl solution was studied by using
weight-loss at different temperatures from 298 K to 328 K
after various immersion periods. The inhibition efﬁciency Ew
(%) is calculated as follows:
Ewð%Þ ¼Wcorr W
0
corr
Wcorr
 100 ð4Þations of Argan oil in 1 M HCl and corresponding inhibition
bc (mV/dec) ba (mV/dec) E (%)
189 79 –
165 65 35
165 57 55
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Figure 3 Nyquist diagrams for steel electrode with and without
Argan oil after 30 min of immersion.
Table 3 Impedance parameters for corrosion of steel in acid
at various contents of Argan oil.
Inhibitor C (g/L) Rt (kO cm
2) fmax (Hz) Cdl (lF/cm
2) ERT (%)
1 M HCl
Argan oil
– 27 35 130 –
0.5 45 30 121 40
1 61 27 97 55
2 76 25 84 65
3 101 20 79 74
4 114 19 73 77
5 134 16 72 80
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Figure 4 Weight loss as a function of immersion time of steel in
1 M HCl without and with 3 g/L Argan oil (AO) at different
temperature.
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0
corr are the corrosion rate of steel in 1 M
HCl in the absence and presence of the inhibitor, respectively.
The effect of increasing time on the weight loss of steel in
uninhibited and inhibited acid solutions at different tempera-
ture is shown in Fig. 4. It is obvious that the weight loss varies
linearly with immersion period in plain acid and inhibited acid,
showing the absence of insoluble product on the steel surface.
The curve obtained in the presence of the additive falls signif-
icantly below that of free acid.
Further inspection of the Fig. 4 reveals that weight loss in-
creases with temperature and greater weight loss was obtained
at 328 K.Table 4 Corrosion parameters obtained from potentiostatic pola
containing various concentrations of Argan oil.
Inhibitor T (K) Ecorr (mV/SCE) Icorr (l
1 M HCl 298 483 763
308 508 1467
318 467 2901
328 466 3606
Argan oil 3 g/L 298 501 145
308 512 385
318 510 989
328 510 1368The computed values of corrosion rate and the inhibition
efﬁciency for the additive at different temperatures for 3 g/L
are given in Table 5.
Results in Table 5 shows that the corrosion rates of steel in
1 M HCl are lower in the presence of the inhibitor compared to
the blank acid solution. Table 5 also shows that corrosion rate
increases with increase in temperature with the highest values
obtained at 328 K. Inhibition efﬁciency values also presented
in Table 5 reveals a decreasing trend with increasing experi-
mental temperatures for all the systems studied. This suggests
possible desorption of some of the adsorbed inhibitors from
the metal surface at higher temperatures. Such behavior shows
that the additive was physically adsorbed on the metal surface
(Oguzie and Onuchukwu, 2007). Corrosion inhibition is initi-
ated by the displacement of adsorbed water molecules by the
inhibitor species leading to speciﬁc adsorption on the metal
surface (Solmaz et al., 2008).
The relatively large divergence of the plots indicates the in-
crease of Ew (%) with time of immersion as shown in Fig. 5.
We note that the decrease in inhibition efﬁciency with in-
crease in temperature indicates that the inhibitor was physi-
cally adsorbed on the steel surface.
3.4. Kinetic parameters
The variation of the logarithm of Icorr of steel in 1 M HCl at
3 g/L of Argan oil as a function of reciprocal of the tempera-
ture was illustrated in Fig. 6.rization at various temperatures studied for steel in 1 M HCl
A/cm2) bc (mV/dec) ba (mV/dec) E (%)
189 79 –
125 62 –
109 50 –
127 61 –
148 56 81
150 55 74
124 49 66
137 79 62
Table 5 Effect of temperature and the time of immersion on the steel corrosion in the absence and presence of 3 g/L Argan oil.
T (K) Time (Ks) Wcorr (mg cm
2) W0corr (mg cm
2) Ew (%)
298 14.4 1.069 0.110 90
28.8 1.861 0.141 92
57.6 3.273 0.177 95
308 14.4 2.237 0.365 84
28.8 3.850 0.575 85
57.6 8.168 0.708 91
318 14.4 7.055 1.497 79
28.8 9.072 2.128 77
57.6 23.576 3.070 87
328 14.4 15.204 5.527 64
28.8 26.980 7.540 72
57.6 37.949 8.968 76
10 20 30 40 50 60
50
60
70
80
90
 298K
 308K
 318K
 328K
Ew
 (%
)
Time (t/Ks)
Figure 5 Variation of Ew (%) with immersion time for steel in
1 M HCl containing 3 g/L Argan oil at different temperature. Figure 6 Arrhenius plots of steel in acid with and without 3 g/L
Argan oil.
24 L. Aﬁa et al.The activation parameters for the studied system (Ea, DH
*
and DS*) were estimated from the Arrhenius equation and
transition state equation (Eqs. (5) and (6)):
Icorr ¼ A expð Ea
RT
Þ ð5Þ
I ¼ RT
Nh
exp
DS
R
 
exp DH

RT
 
ð6Þ
where A is Arrhenius factor, Ea is the apparent activation cor-
rosion energy, N is the Avogadro’s number, h is the Plank’s
constant, R is the universal gas constant, DH* and DS* are
the enthalpy and the entropy of activation corrosion energies
for the transition state complex.
Transition state plots for the corrosion rates (Icorr) of steel
in the absence and presence of the inhibitor are given in Fig. 6
and the corresponding activation parameters Ea, DH
* and DS*
for the corrosion process were estimated and listed in Table 6.
From Table 6, it can be concluded that:Table 6 The value of activation parameters Ea, DH
* and DS* for s
Inhibitor (g/L) DH* (kJ/mol)
Blank 40.98
3 60.05– The values of activation energy are 43.58 and 62.56 kJ/mol
for free and inhibited acid solution, respectively. The
obtained results suggest that Argan oil inhibits the corro-
sion reaction by increasing its activation energy. This could
be attributed to the adsorption on the steel surface making
a barrier for mass and charge transfer (Riggs and Hurd,
1967).
– The positive signs for both Ea and DH
* reﬂecting the endo-
thermic nature of the corrosion process. It is obvious that
the activation energy strongly increases in the presence of
the inhibitor. Some authors (Branzoi et al., 2000; Yadav
et al., 2004; Bentiss et al., 1999) have attributed this result
to the inhibitor species being physically adsorbed on the
metal surface.
– The negative values of DS* show that the activated complex
in the rate determining step represents an association rather
than a dissociation step, meaning that a decrease in disor-
dering takes place on going from reactants to the activated
complex (Bouklah et al., 2006).teel in 1 M HCl in the absence and presence of 3 g/L Argan oil.
DS* (J/mol K) Ea (kJ/mol)
51.57 43.58
1.04 62.65
0 1 2 3 4 5
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C
 / 
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Figure 7 Plot of Langmuir adsorption isotherm of Argan oil on
the steel surface at 298 K.
Anti-corrosive properties of Argan oil on C38 steel in molar HCl solution 25The dependence of the fraction of the surface covered h ob-
tained by the ratio E%/100 as function of the logarithm of the
concentration (log(C)) of Argan oil was tested graphically by
ﬁtting it to several adsorption isotherms. The plot of (C/h)
against the inhibitor concentration (C) yields a straight line
with good correlation coefﬁcient and slope equal close unity
(0.9784) (Fig. 7).
The strong correlation shows that Argan oil tested was ad-
sorbed on the steel surface electrode according to the Lang-
muir isotherm (Mora et al., 2004):
C
h
¼ 1
K
þ C ð7Þ
K ¼ 1
55:5
exp DGads
RT
 
ð8Þ
The negative value of DGads reveals the spontaneity of the
adsorption process and are characteristic of strong interaction
and stability of the adsorbed layer with the steel surface
4. Conclusions
From the overall studies, the following conclusions could be
deduced:
– The Argan oil acts as a mixed inhibitor without modifying
the hydrogen reduction mechanism.
– The inhibition efﬁciency increases with increased Argan oil
concentration to attain a maximum value of 81% at 3 g/L
– The inhibition efﬁciency of Argan oil decreases with the rise
of temperature.
– Adsorption of inhibitor tested follows Langmuir adsorption
isotherm.
– The presence of Argan oil increases the activation energy of
the corrosion process.
– The inhibitor was physically adsorbed on the steel surface.References
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